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Zeeman spectroscopy of excitons and hybridization of electronic states
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Monolayers and multilayers of semiconducting transition metal dichalcogenides (TMDCs) offer
an ideal platform to explore valley-selective physics with promising applications in valleytronics and
information processing. Here we manipulate the energetic degeneracy of the K and K~ valleys
in few-layer TMDCs. We perform high-field magneto-reflectance spectroscopy on WSea, MoSes,
and MoTes crystals of thickness from monolayer to the bulk limit under magnetic fields up to 30 T
applied perpendicular to the sample plane. Because of a strong spin-layer locking, the ground
state A excitons exhibit a monolayer-like valley Zeeman splitting with a negative g-factor, whose
magnitude increases monotonically when thinning the crystal down from bulk to a monolayer. Using
the k - p calculation, we demonstrate that the observed evolution of g-factors for different materials
is well accounted for by hybridization of electronic states in the K and K~ valleys. The mixing of
the valence and conduction band states induced by the interlayer interaction decreases the g-factor
magnitude with an increasing layer number. The effect is the largest for MoTes, followed by MoSes,
and smallest for WSes.
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Hybridization of electronic states in van der Waals-
coupled layers of semiconducting transition metal
dichalcogenides (TMDCs), significantly affects their en-
ergy bands and optical properties. Most striking is a
dramatic change in the quasiparticle band gap character,
from a direct bandgap at the K-point of the Brillouin
zone in monolayers to an indirect I' — A band gap in mul-
tilayers and bulk crystals [I 2]. In contrast, the energy
of the optical band gap, which is due to K-point excitons
in any mono-, multi- and bulk-crystals rather weakly de-
pends on the number of layers in TMDC stacks [I]. This
effect is due to both the hybridization of electronic states
at the K-points [3] and the change in the dielectric en-
vironment with different number of layers [4]. While the
hybridization of the electronic states leads to (often unre-
solved) multiplets of intralayer (electron and hole within
the same layer) and spatially-separated interlayer exci-
tons (electron and hole confined to different layers), the
dielectric environment largely determines the excitonic
binding energy and the optical band gap. The hybridiza-
tion of electronic states in TMDC multilayers is also en-
coded in the magnitudes of the effective Landé g-factors
of the coupled states. However, in contrast to the ener-
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getic positions of electronic resonances, g-factors are less
sensitive to the effects of Coulomb interaction (dielectric
environment) [5].

In TMDC monolayers, the band structure at the K-
point consists of energetically degenerate states at the
KT and K~ valleys. However, the two valleys possess
opposite magnetic moments, and can be individually ad-
dressed using ot and o~ -polarized light [1]. An exter-
nally applied magnetic field in the Faraday geometry
lifts the valley degeneracy, resulting in a so-called val-
ley Zeeman splitting [I]. Therefore, the g-factors of the
excitons can be measured using helicity-resolved spec-
troscopy under magnetic fields [6HI9]. In multilayer and
bulk TMDCs, it has been found that the spin orientation
of the carriers is strongly coupled to the valleys within
the individual layers (“spin-layer locking”) [I7), T9H2T].
Therefore, many salient features of monolayer physics are
preserved in multilayers. As a consequence, intralayer ex-
citons form with their characteristic negative g-factors

Moreover, spin-layer locking effects have re-
cently enabled the unambiguous identification of inter-
layer excitons in bulk TMDCs with positive g-factors
[0, [19]. However, a systematic investigation of the effect
of layer number and the hybridization of electronic states
on the valley Zeeman effect has not been reported so far.

Here, we perform circular polarization-resolved micro-


mailto:arora@uni-muenster.de

reflectance contrast (uRC) spectroscopy on 2H-WSe,,
2H-MoSe; and 2H-MoTey crystals of variable thickness
(from monolayer to bulk) under high magnetic fields of up
to B =30 T and at a temperature of T = 4 K. We mea-
sure the layer thickness-dependent valley Zeeman split-
tings of the ground state A excitons (X}*) and compare
the observed trends with the k- p theory. The model
takes into account the interlayer admixture of valence
and conduction bands and corrections from the higher
and lower bands from adjacent layers at the K-point of
the Brillouin zone. We find that the hybridization of the
electronic states at the band extrema has profound effects
on the g-factors of the excitons. Overall, the exciton g-
factor decreases with an increasing layer thickness where
the extent of this reduction depends upon the magnitude
of interlayer interaction in the TMDCs.

I. EXPERIMENT

Monolayer and few-layer flakes of TMDCs are me-
chanically exfoliated [22] onto SiO2(80nm)/Si substrates.
The layer number in the MoSe; and WSey crystals
is determined by the optical contrast, Raman spec-
troscopy and the low-temperature (liquid helium) micro-
photoluminescence [23H25]. For MoTey, the thickness
characterization was performed using ultra-low frequency
Raman spectroscopy [26H28], in addition to the re-
flectance contrast and atomic force microscopy (AFM)
measurements (see Fig. [5|in Appendix [A).

Magneto-reflectance measurements are performed us-
ing a fiber-based low-temperature probe inserted inside a
resistive magnet with 50 mm bore diameter, where mag-
netic fields up to 30 T are generated in the center of the
magnet. Light from a tungsten halogen lamp is routed
inside the cryostat using an optical fiber of 50 pm diam-
eter and focused on the sample to a spot of about 10 pym
diameter with an aspheric lens of focal length 3.1 mm
(numerical aperture NA=0.68). The sample is displaced
by x—y—z nano-positioners. The reflected light from the
sample is circularly polarized using the combination of a
quarter wave plate (QWP) and a polarizer. The emitted
polarized light is collected using an optical fiber of 200
pm diameter, dispersed with a monochromator and de-
tected using a liquid nitrogen cooled Si CCD (WSes and
MoSey) or InGaAs array (MoTes). During the measure-
ments, the configuration of QWP-polarizer assembly is
kept fixed, producing one state of circular polarization,
whereas the effect corresponding to the other polariza-
tion state can be measured by reversing the direction of
magnetic field, as a result of the time reversal symmetry
[11l 29].

We define the reflectance contrast C(A) at a given
wavelength A as C(\) = [R(A) — Ro(N)]/[R(N) + Ro(N)],
where Rg(\) is the reflectance spectrum of the SiOy/Si
substrate and R(\) is the one of the TMDC flake kept
on the substrate. C'(\) spectral line shapes are modeled
using a transfer matrix method-based approach to obtain
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FIG. 1. (a)-(d) Helicity-resolved microreflectance contrast
spectra of the ground state A excitons (X}°) in 1L, 2L, 3L
and bulklike WSes crystals, respectively, measured at a tem-
perature of T = 4.2 K under magnetic fields of 0 T, 15 T, and
30 T. Orange and blue spheres represent the experimental
data for the ¢ and ¢~ polarizations, respectively, whereas
solid lines are the modeled spectra. The curves for B > 0 T
are shifted vertically with respect to the B = 0 T measure-
ment for clarity. (e)-(h) Excitonic transition energies derived
for the two circular polarizations from the modeled spectra in
(a)-(d), respectively, as a function of magnetic field from 0 to
30 T. (i)-(1) Green circles represent the Zeeman splittings for
the corresponding cases in (e)-(h), respectively, whereas solid
lines are linear fits to the data.

the transition energies [30]. The excitonic contribution
to the dielectric response function is assumed to follow a
Lorentz oscillator-like mode [5, [3T]

Aj
— E2 — ’L"}/jE’

e(B) = (my + iko)* + 3 77 (1)

where n; + ikp is the background complex refractive in-
dex of the TMDC being investigated, which excludes ex-
citonic effects, and is kept equal to that of bulk material
(WSez [32], MoSes [33], or MoTe; [33] in the respective
cases). Ey, A and «y are the transition energy, the oscil-
lator strength parameter, and the full width at half max-
imum (FWHM) linewidth parameter, whereas the index
j represents the sum over excitons.

Figures 1(a)-(d) depict o (orange) and o~ (blue)
components of the pRC spectra of the ground state A
exciton (X4*) in 1L, 2L, 3L and bulklike WSes crystals
kept at liquid He temperature of 4.2 K under magnetic
fields of 0 T, 15 T and 30 T. With increasing magnetic
field, one clearly observes an energetic splitting between



the two circular components of excitonic features, in-
dicating the Zeeman effect. The spectra are modeled
(solid black lines) using the transfer matrix method as
described before. The derived X9 transition energies for
the two circular polarizations for the four cases are dis-
played in Figs. 1(e)-(h). The excitonic Zeeman splittings
are defined as AEx = E,+ — E,- = gxupB, where E +
and E,- are the transition energies for the two circular
polarizations, gx is the excitons effective g-factor and
up is the Bohr’s magneton (0.05788 meV/T). The Zee-
man splittings calculated from Figs. 1(e)-(h) are shown
in Figs. 1(i)-(1) respectively (green circles), as a function
of magnetic field. Fig. 2 displays the corresponding data
for the 1L to 3L thick MoSey while Fig. 3 shows the plots
for 2L, 3L and 4L, MoTe2. The magnitude of the splitting
increases linearly with rising magnetic field in all cases.

The excitonic g-factors obtained from the above analy-
sis are summarized in Table 1 and plotted in Fig. 4. The
1L and 40 nm thick bulklike MoTes crystals, whose g-
factors (—4.8 0.2 [I1] and —2.4 + 0.1 [I7] respectively)
are also marked in Fig. 4, are obtained from the same
single crystalline source material on SiOs/Si substrates,
as the 2L, 3L, and 4L samples. For bulk MoSes, the g-
factor was measured for a 30 nm thick flake exfoliated on
sapphire substrate [19]. Interestingly, the absolute value
of the g-factor for X9 clearly decreases monotonically
with increasing layer thickness and approaches the limit-
ing bulk value of —3.4 +£0.1, —2.7+ 0.1, and —2.4 £ 0.1
for WSeq, MoSey [19], and MoTey [I7], respectively.

Layer WSe, MoSe; MoTes
thickness

1L —-3.8+0.1 —4.2+0.1 —4.84+0.2
2L —-3.7+£0.1 —-3.6+0.1 —4.12+0.05
3L —-3.5+£0.1 —-3.6£0.1 —3.5£0.1
4L - - —3.0£0.1
Bulk —-3.4+0.1 —2.7+0.1 —24+0.1

TABLE 1. Effective g-factors of the ground state A exciton
X}f measured in WSez, MoSe2 and MoTes crystals of variable
thickness at a temperature of T=4.2 K.

II. THEORY

The experimental results presented above demonstrate
a significant deviation of A-exciton g-factor in the multi-
layer TMDC from the one found in monolayer. Moreover,
absolute value of the g-factor decreases monotonically
with the number of layers N. Although weak, the hy-
bridization of K-electronic states is likely at the origin of
this effect. In order to confirm this hypothesis we develop
a k - p theory [13, B4H36] both for mono- and multilayers
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FIG. 2. (a)-(c) Helicity-resolved microreflectance contrast

spectra of the ground state A excitons (X 4*) in 1L, 2L and 3L
MoSes crystals, respectively, at a temperature of T = 4.2 K
under magnetic fields of 0 T, 15 T, and 30 T. Orange and
blue spheres represent the experimental data for the ¢ and
o~ polarizations respectively, whereas solid lines are the mod-
eled spectra. The curves for B > 0 T are shifted vertically
with respect to the B = 0 T measurement for clarity. (d)-(f)
Excitonic transition energies derived for the two circular po-
larizations from the modeled spectra in (a)-(c), respectively,
as a function of magnetic field from 0 to 30 T. (g)-(i) Green
circles represent the Zeeman splittings for the corresponding
cases in (d)-(f), respectively, whereas solid lines are linear fits
to the data.

and derive exciton g-factors in this framework. Namely
we consider the properties of the quasiparticles in the
corners of the 1-st Brillouin zone (where the studied op-
tical transitions take place). Next, we focus on K* point
for brevity.

Let us first consider the TMDC monolayer, situated in
zy plane. Electronic excitations in K™ point of such a
system are described by a set of Bloch states {|V,, s)}
with energies {E,s}. The subscript n enumerates the
bands, and index s =T,| determines their spin degrees
of freedom. According to k - p method, the quasiparti-
cles with the momentum k = (k,, k,) near K™ point are
described by the matrix elements (¥, s\fl(l)\\lln:, s') of
one-particle Hamiltonian

=2

HY(p, 2) :% +U(p, 2)+

0

h h
- Blo+ —kp. (2
i [VU(p, 2),p|o + s (2)

Here myg is electron’s mass, ¢ — speed of light, A —
Planck’s constant and o = (0,,0,,0) are Pauli matri-
ces. We also introduced in-plane coordinate p = (x,y),
the momentum operator p = —ihiV and the crystal field
of a monolayer U(p, z). The first two terms of the Hamil-
tonian define the energies E,, of the bands, doubly degen-
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FIG. 3. (a)-(c) Helicity-resolved microreflectance contrast
spectra of the ground state A excitons (X4) in 2L, 3L and 4L
MoTes crystals, respectively, at a temperature of T = 4.2 K
under different magnetic fields. Orange and blue spheres rep-
resent the experimental data for the o+ and ¢~ polarizations
respectively, whereas solid lines are the modeled spectra. The
curves for B > 0 T are shifted vertically with respect to the
B = 0 T measurement for clarity. (d)-(f) The excitonic transi-
tion energies obtained from modeling the reflectance contrast
spectra in (a)-(c), respectively. (g)-(i) Green circles represent
the Zeeman splittings for the corresponding cases in (d)-(f),
respectively, whereas solid lines are linear fits to the data.

erated by spin. The next part describes the spin-orbital
interaction. It lifts the spin-degeneracy of n-th band by
the value A,, (i.e. in total, one has E, + A, /2 for s =1,
states respectively). The last kp term couples different
Bloch states of monolayer. The coupling gives rise to ad-
ditional energy of the n-th band §F, = g,upB in the
presence of magnetic field B = Be,. Here up is the
Bohr magneton. According to the Roth formula [37] the
spin-independent g-factor of the n-th band is

e 5 [ 1P ) (W sl W )
" 2me E, — E, ’

n’#n

3)
where py = p, £ ip,. The interaction of electron’s mag-
netic moment with magnetic field gives the spin correc-
tion dEy = osupB, where o5 = +1(—1) for s =1 ().
Finally the energy of the n-th band in KT point is
E.s(B) = E, + 0sA,/2 4+ goipB + osupB. In this
picture, the experimentally measured A-exciton g-factor
is doubled difference gere = 2(9. — g») between the g-
factors of conduction g. and valence g, bands. We take
this result as a reference point for our next calculations.

The N-layer TMDC crystal with 2H stacking order
can be represented as a pile of monolayers separated by
a distance [. Each successive layer of such a crystal is
180° rotated with respect to the previous one. The one-

particle Hamiltonian for this system has a form

H™(p,2) = 2+ 3 U((-1)"p, 2 — 2)+
0 m=1
al h m+1 = h o
m=1

(4)

It contains a sum of potentials from all the layers, with
coordinates z,, = (m — 1)l. The potential of each even
stratum has a form U(—p, z — z2,,). The sign “-” before
two-dimensional coordinate p represents the fact of 180°
rotation. Note that the orientation of the first layer of
the system does not depend on N. Hence, it is conve-
nient to match the K* point of any multilayer with K+
point of its lowest part. This uniquely determines the
form of the unperturbed Bloch states in each m-th stra-
tum of the system. We consider the set of such states
in KT point as a new basis {|\P%m), s)} of the multilayer.

The states |\I/£ll),s> belong to the lowest (first) stratum
and are equal to |¥,,s) by definition. The other part

of the basis can be derived from |\11511)7 s) with the help
of crystal symmetry operations (see Appendix . We
suppose the 9rthog0nality of states from different layers
(W™ W) S = 6y G B

According to our choice of the basis, the bands of mul-
tilayer are N-times degenerated (in leading approxima-
tion). The Roth formula is not applicable in this case.
To solve this problem, we apply the Lowdin partitioning
technique [37] to multimatrix (T4, s|ﬁ(N)|\I/£T/), s')
and derive the effective conduction Hc(év) and valence
H,SQV) band Hamiltonians. They act in the spaces,
spanned over {|\I/£m), s)} and {|\Ilg,m), s)} basis states re-
spectively and can be presented as N x N matrices. Their
eigenvalues determine the multilayer g-factors.

The effective Hamiltonians have a form of pentadi-
agonal matrix. Their main diagonal contains F, =+
A, /2 terms, spin term §F, and B-dependent correction
(5E7(«Lm) = ggm) upB to the energies of quasiparticles from
m-th layer. Here and further in the text n takes c or v
values. The corresponding g-factor of m-th layer origi-
nates from kp term and reads

\I,( ) \I,(/)’
ggm) Z Z nl{ |Pn| s)[? +

n’#nn==% — En
(v \ W, )2
g XXy M ARRTE,
O(m ;m)) n'#nn== "

()

The result is a sum of intralayer and interlayer contri-
butions. The intralayer part is nothing but the mono-
layer’s g-factor considered above. The interlayer part de-
termines the deviation o« dg, from this g-factor. The
symbol {(m', m)) describes the nearest neighbours of the



m-th stratum. Namely (m’/,1)) = m’ = 2; (m/,N)) —
m' = N—1and (m' ,m) - m =m-—1,m+1 for
m = 2,3,... N — 1. We restrict our summation in such
a way, since the next nearest neighbour terms are sup-
pressed by the distance between the layers. We omit
these terms from our study.

The sub- and superdiagonal matrix elements of con-
sidered Hamiltonians describe the admixing of the Bloch
states between neighbour layers. For conduction bands
they origin from kp terms and have a linear in o k, ik,
dependence. For valence bands they appear from the
crystal field of neighbour layers and are proportional to
material dependent constant ¢ ~ 40...70meV [38]. The
next nearest sub- and superdiagonal matrix elements are
linear in magnetic field  g,upB and also originate from
kp terms.

In our model, we did several simplifications: i) Only
the intralayer matrix elements of spin-orbit interaction
are taken into account in H® )(p,z). The interlayer
terms are beyond of accuracy of our approximation; i)
The interlayer crystal field corrections to the bands en-
ergy positions are supposed to be small and omitted from
our study; 1) The k dependent part of spin-orbital in-
teraction o< [VU(p, z), k|0 is neglected. This term pro-
duces a small correction to the spin g-factor, which is be-
yond the scope of this paper; i) The effective Hamiltoni-
ans are considered up to the linear in k terms. The higher
order corrections give zero contribution to the band en-
ergy in K* point, and therefore are not important in this
study.

The diagonalization of Hc(év) and Héi") matrices pro-
vides a new set of energy bands with corresponding eigen-
states. Hence, we expect a series of exciton lines instead
of single A-exciton one. It is well known that the exciton
lines in the optical spectra of TMDCs as-exfoliated on
substrates such as SiOy or sapphire have a significantly
large inhomogeneous line width broadening compared to
the homogeneous line widths [39-41]. In principle, it
is possible to achieve the homogeneous linewidth with
hBN, which might able to resolve the close-lying individ-
ual lines of excitons in multilayers [39H41]. However, in
the present case, we calculate the average g-factor from
all lines and compare it with the experiment. The cor-
responding observable (see the detailed k - p analysis for
each multilayer in Appendix [B)) as a function of number
of layers N has the following form

988 = gewe +4(1 - %) (690 — 6gc — gu] +O(§Q))- (6)

The parameters dg. and dg, are the interlayer corrections
to the conduction and valence band energies, g,, and t ap-
pear from the interlayer admixture of the conduction and
valence band states respectively. This formula indicates
the measured dependence of the exciton g-factor, if we
suppose 0¢, — 6ge — gu > 0.

Using Eq. 6, we fit the experimental data in Fig. 4 to
the first order (solid lines). Here, we fix geye to the ex-
perimentally measured g-factor of the monolayer. The
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FIG. 4. Effective g-factors of the ground state A excitons
(X}f) in WSe2, MoSez, and MoTez as a function of layer
thickness from monolayer to the bulk limit. The g-factors
for 1L and bulk MoTe; are taken from Refs. [II] and [19],
respectively, and were measured on a flake obtained from the
same crystal as used in the present work, and under the same
experimental conditions. Solid lines represent the theoretical
model as described in the main text.

deviation of the fits from the experimental data could be
explained by the neglected second-order term O(t?/A2).
Apart from this, our model predicts the correct qualita-
tive trends of the g-factors observed in the experiment
as a function of layer thickness. The fitting parameter
[0gy — 0ge — gu] is found to be equal to 0.1, 0.35 and 0.55
for WSes, MoSes and MoTes, respectively. A larger value
of this parameter in MoSey; and MoTe; points towards a
stronger interlayer interaction in these materials, when
compared to that of WSes. This is in agreement with
the ab-initio calculations where the spin-valley coupling
of holes to a particular layer was found to be significantly
larger than (comparable to) the interlayer hopping in W-
based (Mo-based) compounds [38]. Furthermore, an in-
creased interlayer coupling has been reported when the
chalcogen atom changes from Se to Te [42]. The recent
observation of spatially indirect (“interlayer”) excitons in
bulklike MoTe; [17] and MoSe; [19], where a large inter-
layer interaction results in a significant oscillator strength
of interlayer excitons [3l 43] support our conclusions as
well. Indeed, we find that the strength of interlayer ex-
citons is much smaller in W-based TMDCs, which leads
to an absence of their signature in the optical spectra of
WSs and WSe, [19)].

In summary, we have measured the Zeeman effect of
intralayer A excitons in semiconducting WSey, MoSe,,
and MoTes crystals of variable thickness from mono-
layer to the bulk limit, using helicity-resolved magneto-
reflectance contrast spectroscopy under high magnetic
fields up to 30 T. The magnitude of the negative g-factors
of the A excitons displays a monotonic decrease as the
layer thickness is increased from monolayer to a bulklike
crystal. The effect is qualitatively explained with a model
considering thickness-dependent interlayer interactions,



and band mixing effects. Our results represent the first
report devoted to the effect of the band hybridization
on magneto-optics of multilayer TMDCs, and will con-
tribute towards a better understanding of TMDCs along
with future device-based applications.
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Appendix A: Characterization of MoTe; crystals of different thickness

Supplementary Fig. (a) shows Raman spectra of MoTe, crystals with thicknesses ranging from 1L to 6L and
40 nm think bulklike material. The Raman-active modes A, E%gw Bég as well as low-frequency shear modes are
clearly visible [27], [28]. For initial characterization, pRC measurements on the flakes with layer thickness 1L to 4L
and the bulklike crystal are performed at low temperatures in the absence of magnetic field (B=0). Fig. [5b) displays
the pRC spectra as a function of layer thickness. Features corresponding to the neutral (ground state 1s) A exciton
resonance X 5° and a broad B exciton resonance X5 are identified in the spectra. A weak shoulder at the high-energy
side of X% is associated with the excited state X3° exciton resonance. An additional feature at 1.183 eV for the
bulklike flake arises due to the optically active interlayer Xy, exciton [I7]. The derived excitonic transition energies
for the various observed features are shown in Fig. (c) The X% resonance undergoes a red shift from 1.196 + 0.001
eV to 1.1307 £ 0.001 eV as the layer thickness is increased from 1L to bulk as has been observed previously also in
WSes [25], MoSes [23], WS» [3] and MoTe, [26], [44]. At the same time, the energy difference between the X} and
X% resonances decreases from 127 meV to 25 meV as the layer thickness is increased from 2L to bulk (X3 is not
observed for the 1L flake). This behavior points towards a reduction of the excitonic binding energy with increasing
crystal thickness. It has been largely associated with an increasing dielectric constant when the layer thickness is
increased [45], and has also been observed previously in WSes [25] and MoSey [23]. It is worth mentioning that the
binding energies of the A excitons in 1L and bulklike MoTey have been calculated to be 710 meV [46] and 150 meV
[177], respectively.

Appendix B: Theory

Our purpose is to calculate the g-factors of A-excitons in K* valleys of multilayer TMDC. In order to do it, we
extend the 7-band k - p model [13] [34] 35] to N-layer case, derive the effective Hamiltonians and then calculate the
positions of energy bands as a function of magnetic field. Namely, we use the monolayer Bloch functions to construct
the basis states of a multilayer. Then, we compute first-order k - p and spin-orbital corrections to the Hamiltonian
of the system. Finally, we derive the effective valence and conduction bands Hamiltonians as a function of external
magnetic field, diagonalize them and find the bands g-factors. In further, we consider K™ point for brevity.

1. Monolayer

The 7-band model contains 3 additional bands below the valence band and 2 bands
above the conduction one [13, B4, B35]. The Bloch states in K% point of monolayer are
[Uy_3,8), [Py2,8), [Pu_1,9), |Pu,), |Pe,8), |Pet1,8), |Pero,s). The lower index n = v — 3,0 — 2,...c + 1

indicates the band, s =t,] is the spin degree of freedom. The basis vectors are defined as a decomposition
[¥,,s) = |¥,)|s). They can be classified according to irreducible representations of the symmetry group of the
crystal [34] [35]. All the group transformations are based on the in-plane 27/3 rotation C3 and in-plane mirror
reflection op,. The states |U,_3,8), |¥,,8), |P.,s), [Peyo,s) are even under mirror transformation, while the
[Uy_2,8), |¥y_1,5), |Per1,s) are odd. The k- p perturbation terms couple only the states with the same parity.
Therefore the odd states do not affect g-factors of monolayer and can be excluded from this particular case. Taking
into account the transformation properties of the remaining states [13] C3|W,,s) = |¥,,s), C5|¥.,s) = w*|V,,s),
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FIG. 5. (a) Raman spectra for MoTe; crystals with thickness ranging from monolayer (1L) to bulklike (40 nm). The typical
Raman-active modes Aig, Eég, B%g, as well as low-frequency shear modes are observed. The inset shows the optical microscope
image of a flake consisting of 2L and 3L thick areas, along with a line profile measured by atomic force microscopy used for the
height determination of the monolayer. (b) Micro-reflectance contrast (uRC) spectra obtained for MoTes as a function of layer
thickness with the ground state (XkS and Xll_o,s) and first excited state X% exciton transition. For bulk MoTes, the interlayer
exciton resonance Xir, is observed as well. (c¢) Transition energies of the measured exciton resonances as a function of layer
thickness, derived by modeling the spectra as explained in the text.

C3|Uy_3,8) = w|W,_3,5), C3|V.ia,5) = w|V. o,s) with w = €*"/3, one obtains k - p matrix elements, presented in
Table [T [13], 34], 35 47]. Here we introduced notation ky = k, + ik, and a set of energies {F,} in Kt point for

Hkp |\IJU75> |\IIC,S> |\Ijv—375> ‘\I/c+275>
[T, s) Ey Y3k Yok— Yak—
|We, s) Y3k E. Vsk+ Yek+
|Wo—s,8) Yokt Yik— E,_3 0
|Wei2,8)  viky Yo k- 0 Eeto

TABLE II. Non-zero k - p matrix elements of monolayer.

clarity. The spin-orbit interaction, considered as a perturbation, gives the correction osA, /2 to diagonal elements of
the table, with o, = +1(—1) for 1 (]) states. Applying the Lowdin procedure we calculate the energies of ¢ and v
bands in K* point

E.s(B)=E.+0sA./2+ geupB+ osugB, FE.(B)=FE,+0sA,/2+ gyuB + osupB. (B1)
Here pp is the Bohr magneton, B is the strength of magnetic field B = Be, and
2mo [ |sl? [72/? [yal?
v = s B2
P = {EC—E,J*EU—EM*EJ—EHQ (B2)
o = 2mo [ |wl* sl el (B3)
¢ h? Ec - Ev Ec - EU—S Ec - Ec+2 .

The last term in E.(B) and E,s(B) is a free electron Zeeman energy. In our study, we suppose the spin-orbital
corrections to electron’s magnetic moment are small [I].



Note that the A-exciton transitions in KT points are possible only in oT circularly polarized light. In magnetic
field their energy shifts by the value §E = (9. — g»)ppB. In K~ point, transitions are active only in o~ polarization
and are characterised by the shift 0 = —§FE, which is a consequence of time reversal symmetry in the system.
Therefore the measurable exciton g-factor is

Cdmo [ sl 76| |72l?

|[al®
exe = 2(9e — gv) = . B4
g (g g ) h? Ec - Ev—3 * Ec - Ec+2 N Ev - Ev—3 * Ev - Ec+2 ( )

We use this result as a reference point for our next calculations.

2. Bilayer

A bilayer TMDC crystal with 2H stacking order can be presented as two monolayers separated by distance [, with
the second (upper) layer 180° rotated relative to the first (lower) one. It is convenient to arrange them in z = —[/2
and z = [/2 planes respectively. In this presentation the crystal has the inverse symmetry I with the inversion center
placed in the middle between the monolayers.

There are two subsets of basis Bloch states in KT point of bilayer — from the lower and upper strata. The first
part {|\I!$L1)7 s)} coincides with the Bloch states of monolayer {|¥,,s)}, located in z = —I/2 plane. The second part
{\\11%2),3>} can be derived as |\I’£L2),S> = anOI|\II$LD,s>. Here Ky is the conjugation operator and p, = =+1 is the
parity of |\IJ$,1 )>. As a result the upper states are transformed as a complex conjugated to the lower ones. It leads to
opposite optical selection rules for such states. Namely, in K¥ point of bilayer the first (second) layer absorbs only
0T (07) polarized light respectively. Hence, the bilayer does not possess any optical dichroism, which is nothing but
a manifestation of the inversion symmetry of the crystal.

In contrast to the monolayer case, the odd states of bilayer give non-zero k - p contributions. Therefore, taking into
account their rotational C3|W,_s,s) = w*|¥,_9,5), C3|¥,_1,8) =w|¥y_1,s), C3|Pcy1,8) = w|¥ct1,s) and inversion
properties we derive the Table [[Il] and Table [[V]

Hip i) s el wPs) [ls) (Wi s) (W) (W)
ol sy B, t 3k rk_ Yok Yok aky bk
|\I/§)2) ,8) ot E, rk4 v3k_ ak_ bk_ Yok+ Yak+
o sy ik rk_ E. ukt Yokt Yok+ 0 0

1w sy rtky v3k+ uk_ E. 0 0 Yok Yok~

TABLE III. The k - p matrix elements of bilayer between even states.

Note that the diagonal matrix elements in the case of bi- and other multilayers should contain small corrections
0 E,, which appear from the crystal field of adjacent layers. However, according to our rough estimation such diagonal
terms produce less than 5% deviation to the g-factors of multilayers, considered here. Therefore, for the clarity
reasons we put dF,, = 0 for this particular study, remembering, however, that these terms can give non-negligible
corrections in other cases. We also introduced the admixing parameter ¢t between valence bands of the first and second
layers. Then we add the spin orbit-interaction, apply the Lowding partitioning to corresponding matrix elements and
derive the effective valence and conduction band Hamiltonians. The valence band Hamiltonian, written in the basis

{|w,5), |, 5)}, reads

A,
(2) _ E, +os 2U t 9v — (ng + 05 0
i = [ t B, -0 | " 0 —go +0g, + o, | FPD (B5)

The conduction band Hamiltonian, written in the basis {|\If£1), s), |\I/g2)7 s)}is

A
(2) — E.+os 2@ Uk+ 9e — 6gc + 05 0
He, |: uk_ E.—os AQC * 0 —gc +0gc + 05 ppB. (B6)



Higp whs) (W) [wls) (wPys) (9 s) w8
o sy o 0 0 ck_ dky 0

1w sy —cky —dk_ 0 0 0 0

ol sy o 0 0 fky 0 jk_
1w sy —fk_ 0 —jky 0 0 0

TABLE IV. The k - p matrix elements of bilayer between even and odd states.

Note that spin-up and spin-down states can be considered separately. The parameters dg, and dg. are the corrections
to monolayer’s g-factors of valence and conduction bands
_ 2mo |al? b |cf”
=5 _

d2 2
5u PR o ] (B7)

Ev - Ev—S Ec+2 - Ev a Ev - Ev—Q Ev - Ev—l Ec - Ev
0. 2o [__LIT PP
¢ h? Ec - Ev—2 Ec+1 - Ec Ec - Ev .
Technically, these corrections originate from additional non-zero k - p matrix elements between the states of bilayer,
allowed by the symmetry. The expressions for valence band energies up to O(B) terms are

/ A3 (90 — 0g0) A,
E’IIJS:E’U—’_O—S T+t2+WuBB+JSuBB7 (Bg)
A _

v (5 v A’U
pp o 90209 B, (B10)

4 VAZ 142

(B8)

[SEN)

II
E,,=E,—o0;

The following eigenstates are
B! ) = cos(0/2)| 0V, s) + oy sin(0/2)| TP s), (B11)
1LY = —o, sin(0/2)| 0V, s) + cos(0/2)| T, s), (B12)

vSs v

where we introduced {cosf,sin0} = {A,/\/AZ +4t2,2t/ /A2 + 42}, The first state corresponds mostly to the
optical transitions in o+ polarized light, while the second one is active predominantly in ¢~ polarization. The
intensity of emitted light in KT point is the same in both polarizations, which reflects the presence of inversion
symmetry of the bilayer crystal. The new conduction band energies are

JAVS

Eis =FE.+ 0'57 - UsguMBB + (gc - 596);U'BB + USFLBBa (B13)
A,

iy = B — 0.5 = 0agupin B = (9c — 090)upB + oun B, (B14)

where g, = 2mou?/h?A.. The conduction band eigenstates with the same energies coincide with \\Ilél), s) and |\Il£2), ),
up to O(k?) order. An analysis of new possible interband transitions demonstrates two A-exciton lines in KT point
of the bilayer. They are active in o7 and o~ polarisations respectively, and have opposite energy shifts in magnetic

field 0E, = —0E_ = géi)c,uBB/Z Here

A
(2 — _ _ _ _ v
YJexe = 29, + 2(gc 596) 2(91} 691}) ,ﬁ% T (B15)
is the A-exciton g-factor of the bilayer. We rewrite this result up to O(t?/A2) order
2 = 2[6g, — 8 4 5 B16
Jeze = Jexe T [ Gv — 09c — gu] =+ A2 (gv - gv), ( )

v
where gez. is the A-exciton g-factor of the monolayer. The quantitative estimate of dg. and dg, deviations can be done
in numerical simulations and is beyond the scope of this study. However, we will use the experimental fact that for a
bilayer dg, — dg. — g, > 0 and demonstrate the self-consistency the other multilayer g-factors with this assumption.
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3. Trilayer

We calculate the g-factors of a trilayer in the same way as in the bilayer. We introduce the three sets of basis states
{\\IIS))}, {|\I/£L2)>}, {|\I/$13)>}7 which belong to the layers z = —[, z = 0 and z = [ respectively. In this case the crystal
has the mirror symmetry, with the mirror plane z = 0. This helps us to determine the following symmetry relations
between the states

WD) = paon| 0y, WD) = pon|wP). (B17)

The states from 1-st and 3-d layer have the same rotational properties as in monolayer. The rotational properties
of the states from 2-nd layer are complex conjugated to previous ones. Therefore the k - p matrix elements can be
restored from the known result

(U2 Hiegl D) = ppin (02| Hip | 1), (B18)
(U Hogp [ 0D} = pupon (00 iy | 0D). (B19)

We also assume (@53) \Hkp|\1152)> = 0 because of the large distance 2/ between 1-st and 3-d layers. Note that the 1-st
and 3-d layers in K+ point absorb predominantly o polarized light, while the 2-nd layer absorbs ¢~ polarized light.
The Hamiltonian of trilayer TMDC can be written separately for spin-up and spin-down states. The Hamiltonian for

valence bands, written in the basis {\\Ifg,l), s), \\115,2), s), |\IIE,3), s)}, is

Ev—s—as% t 0 i [ 9o — 09, + 0 0 o
H = t E, — 0,4 t + 0 —gu + 209, + 0% 0 upB. (B20)
0 t EU+JS%_ L gv 0 gv_dgv+os

The Hamiltonian for conduction bands, written in the basis {|\Il£1), s), |\I!£2), s), |\I/$;3), s)}, reads

E.+og AQC uk4 0 i [ 9. — 0g. + 04 0 Je
HS = uk_  E.—o.5  uk_ + 0 —ge + 20ge + 0 0 upB. (B21)
0 ’LLICJ,_ EC+O'SA2€_ L gc 0 gc_(sgc"_o_s

Here we introduced

_ 2mg |fI? 14 r[?
c = s B22
g h? |:Ec - Ev—2 * Ec+1 - Ec N Ec - EU ( )
2m r|? al? b|? c/|? d|?
h Ev - Ec Ev - Ev—3 Ev - Ec+2 Ev - Ev—2 Ev - E’U—l
The new energy of conduction bands and corresponding eigenstates of such systems are
1 Ac I (2)
Ecs = EC - 087 + (_gc + 2690 +o0s— QQuUS)/’LBBa |¢.cs> = |\Ilc 75>;
A, 1
Eg = Ec +os— + (gc - 69c +o0s — gc),uBBa |(I)£Is> = = <|\Il£1)v 8> - |\Ijg3)v 3>);
2 NG
A, 1
Egsl = Ec + 087 + (gc - 696 +o0s — 2guas + gC)MBB7 |(P¢I:£I> = E (|\IJ£1)’ S> + |\I/£3)7 S>)
The energies and normalised eigenstates of valence bands up to O(t?/A2) are
A ost? ost ost A
EI = E'U - Siv - 2 : —Yo 26 v s B q)I = ( 5 \P(l) - \11(2) -5 \I/(l) )7’0
vSs O—( 2 Ay + ( g + g + O—( ),UB ) | 1)S> AU | v 7S> | v ?5> + Av | v 7S> \/W’

A, 1
Eml)ls = Ev + 0’57 + (gv - 59@ + Os — gv),u'BBa |¢£I€> = \ﬁ<|\115;1)75> - |\Il§;3)75>>7
A, ogt? I A,

E=E, +0,—2+2

st
S+ 25+ (90— dgu + 0, + gusB, 101 = (10, 5) + 275 0D ) + WD, 5))

V242 4 412
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The lowest energy transitions in K point occur between new states with the same upper index. The first transition
is in 0~ polarization, while the two others are in ¢*. The g-factors and normalised intensities of these transitions are

1 d A2
I_ 1 _ 1
g = BdB(E —E,) = —(g9e — gv + 2095 — 26gc — 2gu), J = Ao
o
1 d
11 11 11 — — 11
= E -E =ge— Gv + 09y — 0gc v — Ye J=1;
quB( ot — Eut) = ge — go + 09y — 6gc + Go — G
1 d A2
111 111 111 — — 111 v
= EX — BN = g. — 9o + 090 — 69c — 294 — Gu + G J= __Zv
quB( ot — Eyt) = 9c— guv + 090 —09ge — 29u — G + g AZ ;o

Therefore, since these three lines can not be resolved we introduce the average A-exciton g-factor
2

4t
ggc)c Gexe T 5 [591) — 09 gu] + s

9A (596 - §gv + 4gu + 3gv - 3gc) (B24)

4. Quadrolayer

We introduce four sets of Bloch states {\\11511),5)},{|\IJ%2),s>},{\\I/5L3),s)},{|\IJ%4),s>} in K* point of a quadrolayer.
They correspond to z = —31/2, z = —1/2, z = 1/2 and z = 31/2 planes respectively. The quadrolayer possesses the
inversion symmetry, which results into the following relations between the Bloch states

D) = o Ko [UD), (99 = p Kol |U2), (B25)

Such relations allow to calculate k - p matrix elements

(OO Hyp[0D)) = pp (U0 | Hyp |02, (B26)
(WD | Hip |9 DY) = pppyn (WD | Hyp |0 D). (B27)

We also suppose that <\I/$L4)|Hkp|\11$,2l)> = <\Il7(14)|Hkp\\If7(711)) = <\I/£L3)|Hkp|\11§,ll)> = 0 because the large distance between
the layers. The Hamiltonian for valence bands, written in the basis {\\II(1 s), |\I/(2) s), |\I/£,3),8>, |\IJ£,4),3>}, can be

presented as a sum of non-magnetic and magnetic parts H, H(4 + ./\/l u BB, with
E,+ 0.5 t 0 0
A
(4) _ t E, — 055 t 0 B2
Hvs t Ev + US% t ( 8)
0 0 t E, — o5
and
Gv — 591} + 05 0 [ 0
4) _ 0 —gv + 2691) +0s 0 —Gv
Mud = o 0 9o — 209, + 0 0 (B29)
0 —Gv 0 —Gv + 09y + 05
The Hamiltonian for conduction bands, written in the basis {|\Il<(:1), s), \\Ifg), s), \\IIS), s), |\Il£4), s)}, has also the struc-
ture Hc(;l) = £4) M u pB. The corresponding matrices are
E.+ 0.5 uk 4 0 0
A
(4 _ uk_ E.— 0'576 uk_ 0
%cs 0 Uk_l,_ EC + US AQC Uk_;’_ ) (BSO)
0 0 uk-  E.— o5
gec — 5gc + Os 0 gc 0
(4) — 0 —9c + 2690 + 05 0 —Jc
Mes 9e 0 ge — 20gc + 0 0 (B31)

0 *gc 0 Ge — 5gc + Os
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Note that, the valence and conduction band Hamiltonians for N > 4 multilayers have the same pentadiagonal strucure
of their matrices. No one additional parameters appears for larger TMDC crystals. The A-exciton g-factor is derived
in analogues way as it is done for bi- and trilayer. Since the expressions for eigenvalues and eigenstates are quite
lengthy we present only the final result

t2
98 = gewe +3[090 — 69c — gu] + O( A2) (B32)

5. Bulk

The effective Hamiltonian of the bulk can be constructed in the same way as in bi-, tri- and quadrolayer. Like in
previous case, the spin-up and spin-down states can be considered separately. The effective Hamiltonian for valence

band written in infinite basis {... |\I/§,j71), s), |‘§[/1(,] ), |\I/(JJrl s) ...} has the matrix elements

[HE] = Bt (1 [0, 52 + (90— 200, unB] + s B, (B33)
[Hégo)}j,j+l - [Hggﬂjm — ¢ (B34)
] =], = ) B, (B35)

The Hamiltonian for conduction band written in the basis {... \\Iléj_l), s), |\Il£j+1), s), \\Iléjﬂ), s), ...} has the matrix
elements

[Hg;w)}j’j = B, + (—1)y*! [05% +(ge — 20g)upB| + oup B, (B36)
[Hé?o)}zjil,zj = uky {H‘g?)}zj 2j+1 = uk-, (B37)
H) L= ], = G B (B38)

We solve the eigenvalues problem for a bulk in the following way. Let us consider a finite size N = 2M multilayer with
periodic boundary conditions. In this case, all the eigenstates of the crystal can be parameterised by a wave-vector
kn = mn/MI. Hereafter, we omit subscript n for brevity and write k instead of k.

We are looking for the valence band solutions in the form

M
Z zkml ‘\I/ (2m— 1) > Us(k_)lq/gm)’sﬂ. (B39)

This ansatz reduces the eigenvalues problem to

E(k)Ays (k) = { B, + gs%
E(k)Bys(k) = { E, - gs% _

+ [90 — 269, + 045 + 270 Cos(2k:l)],uBB}Avs(k:) + 2te ™ cos(kl) By (k), (B40)

(90 — 269, — 05 + 200 cos(2kl)}uBB}Bvs(k) + 2te™ cos(kl) Ays (k). (B41)

The spectrum of the system up to O(B) order is

Ay lgy — 209, + 2g, cos(2kl)]
/A2 + 162 cos? (ki)

1
Ef(k)=FE,+o.upB+ 5\/Ag + 1612 cos?(kl) & o upB. (B42)

Since we are interested in A-exciton transitions, we consider only the high energy bands. The corresponding eigenstates
up to zeroth order in magnetic field have the form

) o] 8] =[]

sin 0y, cos Oy,
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where {cos(20),sin(20;)} = {A,/+/A2 + 16t2 cos?(kl), 4t //A2Z + 162 cos2(kl) }. The solutions for conduction band
states can be written as

M M
1 » 1 .
|(I)I:s7 +> = = e2lkml‘qjg2m_1)ﬂ S>7 |q)]ccsv _> = = 62lkml|\ll£2m)ﬂ S>' (B44)
R 77 &,
Their spectrum of energies is
A,
Ef(k)=E.=+ Ts + (ge — 20gc + 05)up B — 405guuup B cos? (kl) + 2g.up B cos(2kl). (B45)

A direct calculation demonstrates that A-exciton optical transitions are possible only between {|<I>§T>, |<I>’c“T7 +)} and
{|®F)),[®F,—)} pairs of states, with the same wave-vector k. The corresponding transitions active in o and o~
polarisations respectively and have the same intensities

A,

1
k) = 145 ()2 = [BR)P = 5 (1+ ). B46
0 =L BP = IBL IR =5 (14 s (B16)
The g-factors of these transitions have opposite signs
_ Aylge — 209, + 2, cos(2kl))
k) = —g_(k) = g — 26g. — 4g,, cos?(kl) + 2§, cos(2kl) — ==L . . B47
g+ (k) g (k) = ge Je Ju (kI) e (2kl) \/A%+16t2(:os2(kl) ( )
Next, the averaging of the g-factor with corresponding weights gives
(00) 4¢2 _ _
Jeae = Yewe +4[0g0 = 89c — gul + 35290 + gu — 4990 — Ge + 350]. (B48)
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